Abstract: A deterministic design method and experimental demonstration of single photonic crystal nanocavity supporting both air and dielectric modes in the mid-infrared wavelength region are reported here. The coexistence of both modes is realized by a proper design of photonic dispersion to confine air and dielectric bands simultaneously. By adding central mirrors to make the resonance modes be confined at the bandgap edges, high experimental Qfactors of 2.32 × 10 4 and 1.59 × 10 4 are achieved at the resonance wavelength of about 3.875μm and 3.728μm for fundamental dielectric and air modes, respectively. Moreover, multiple sets of air and dielectric modes can be realized by introducing central aperiodic mirrors with multiple bandgaps. The realization of coexistence of air and dielectric modes in single nanocavity will offer opportunities for multifunctional devices, paving the way to integrated multi-parameter sensors, filters, nonlinear devices, and compact light sources.
Introduction
In the past two decades, photonic band gap (PBG) materials have drawn considerable attentions, due to their abilities to confine light within a volume of the order of (λ/2n) 3 in certain directions with specified frequencies [1] [2] [3] . Among all kinds of PBG structures, photonic crystal nanobeam waveguide (PCNW) is the simplest structure to be fabricated, which has only a one-dimensionally periodic pattern along the direction of propagation. By simply introducing a defect into the PCNW, the first photonic crystal nanobeam cavity (PCNC) was demonstrated in 1997 [2] . However, the quality (Q) factor of the defect mode placed within the PBG is relatively low (~250) due to strong scattering of light at the interfaces with abrupt changes of the refractive index. In order to suppress the light scattering and increase the Q-factor, filling factors of holes in photonic crystal reflectors are usually designed to change gradually [4] [5] [6] [7] [8] [9] . Among all these studies, the deterministically design method based on mathematical descriptions proposed by Quan. et al. is the most popular, which has a clear recipe to confine the resonant modes near the PBG edges with high Q-factor and low V [8] . It is convenient to refer to the modes with resonant frequencies close to the band above and below a PBG as air modes and dielectric modes respectively based on where the energy of their modes is concentrated [1] . The unique distinct field distribution of two modes have found various applications in many research areas. For example, air modes are largely exposed to air and thus more sensitive to the change of environment, which is attractive for bio-medical sensing [10] [11] [12] . On the other hand, dielectric modes feature strong confinement in waveguide, which are adequate for integrated light sources and nonlinear process [13] [14] [15] [16] [17] .
In addition to high Q-factor and low V, it has long been desired to achieve multiple resonances in integrated devices for the applications such as multiple parameters sensing [18] [19] [20] , multiple narrow-band light sources [21] , integrated nonlinear devices [22] and multifunctional devices [23, 24] . While all these applications can be realized simply by combining both air and dielectric modes in single nanocavity. For the SOI-based structure, taking the simultaneous detection of temperature and liquid concentration for example, the mode with field optima at silicon region is more sensitive to the temperature change due to its large thermos-optic coefficient, while larger confinement factor in air holes is more sensitive to the concentration change due to the strong light-matter interaction. However, the study of previously reported PCNCs almost was limited only to single resonance operation, either dielectric mode or air mode [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Though by increasing the cavity length, higher order air or dielectric modes can be achieved, essentially they belong to the same kind of modes, which limits the applications [8] . Traditional multimode cavities usually are realized by cascaded PCNCs [19] or orthogonal intersecting PCNCs [25] with different resonant wavelength, which is naturally large in footprint and complex in device. Besides, multiple modes can also be enabled by using different polarization, but this will also make the device complex and the frequency of the resonant modes could not be adjusted independently [26, 27] . Hence, it is necessary to simultaneously confine multiple resonances with different field distributions in a single cavity to make accurate detection.
Therefore, here we propose and demonstrate a design method to confine both air and dielectric modes in a single nanocavity in mid-infrared (MIR). Note that the design principle can also be applied in the near-infrared wavelength range. For sensing, MIR is an important wavelength range since it contains the fingerprints of many chemicals and biological agents. Basically, the coexistence of two modes is enabled by carefully tapering the geometry to make the bands move into opposite directions to confine both air and dielectric bands simultaneously. Besides, compared with the traveling wave regime, the group index of PCNW near the PBG edges can be engineered to be very large, leading to a significant decrease in the group velocity of light, which is a powerful new route for enhanced optical trapping and guiding [28, 29] . Hence, central periodic mirrors are designed to reduce the tapered section induced perturbation and to make the resonance modes move from traveling wave regime to slow light regime. High experimental Q-factors of 2.32 × 10 4 and 1.59 × 10 4 are achieved at the resonance wavelength of about 3.875μm and 3.728μm for fundamental dielectric and air modes respectively. And the footprint of the cavity is only ~36 × 1.3μm 2 (length × width). In addition, the responses of air and dielectric modes in single PCNC to the changes of external refractive index and temperature are discussed, showing the potential of the proposed structure for multi-parameter sensing. Moreover, on one hand, for sensing using molecular absorption fingerprints [30] [31] [32] , there is an increasing need to manipulate multiple resonances over wider spectra ranges to access more chemical information [33] . On the other hand, for some nonlinear optical interactions such as frequency conversion, it is desirable to have good spatial field overlap between different resonant modes [34] . Therefore, to take one step further to extend to the application of the proposed device for broadband operation and non-linear applications without the sacrifice of footprint, aperiodic structures have attracted our attention, which can achieve dual-PBG by mixing of two periodic structures with different periodicities [35] [36] [37] . Enlightened by our interpretation with periodic central mirrors, we further introduce deterministic aperiodic central mirrors and experimentally demonstrate the coexistence of multiple sets of air and dielectric modes. Our work offers opportunities to multifunctional and multi-wavelength nanocavities, paving the way to integrated light source, filtering, biomedical sensing and environmental monitoring. 
Design principle
Existence of air and dielectric modes are closely related to the photonic diagram of photonic crystal reflectors, thus it is critical to taper the holes properly. For previously design principle of the reflectors, both air and dielectric bands shift in the same direction as the mirror strength increases from center to both sides by changing the filling factors, as shown in Figs. 1(a) and 1(b). Therefore, only air or dielectric modes can be confined in a single cavity. Here, we change the period and radius of holes array simultaneously to make the air and dielectric bands move in opposite directions in the tapering section to confine both air and dielectric bands simultaneously, as shown in Fig. 1(c) . From the graph, we can see that the bandgaps of inner and outer holes are well aligned, and thus we can expect coexistence of air and dielectric modes in single nanocavity. Details of the design are as follows. Figure 2 (a) shows the schematic of our proposed PCNC supporting both air and dielectric modes, which consists of an array of circular air holes etched into a silicon strip waveguide. The taper sections are treated as reflectors to confine both air and dielectric modes. The central mirror sections are designed to make the air and dielectric modes move deeper into the band edges. In Fig. 2(a) , r 1 , r Ntaper , a 1 and a Ntaper indicate the radius and lattice constant of the inner and outer holes in the taper sections, respectively. For the inner periodic mirror section, the radius r m and lattice constant a m are kept the same as r 1 and a 1 , respectively. The thickness of the nanobeam is 500nm, determined by the thickness of the device layer of our SOI wafer. For mid-IR SOI device, the material absorption loss should not be neglected, which mainly comes from the electrical field overlap in the buried oxide. To minimize the loss and ensure single mode here, the waveguide width w is chosen as 1.30μm, which has an effective refractive index (n eff ) of ~2.28 at the wavelength of 3.85μm calculated by MODE Solutions. Therefore, the central lattice constant a 1 is set as 850nm estimated by a = λ/2n eff to make the dielectric band edge localize at the wavelength of ~3.85μm. To make sure the air and dielectric band edges fit within the allowed measurement transmission spectra window for our characterization setup (3.640μm-4.120μm) experimentally, r 1 is set as 80nm such that the PBG ranging from 77.59THz to 80.5THz (3.726μm-3.866μm), as shown in Fig.  1(c) .
In order to evaluate the influence of the radius (r) and lattice period (a) on the frequencies of air and dielectric band edges respectively, we simulate the band structure of unit cells when r or a is changed. As shown in Fig. 2(b) , with the increase of r, the frequencies of dielectric band edges almost keep unchanged, while the air band edges are pushed to higher frequency, resulting in the increase of PBG. With the increase of a, the dielectric band edge and the air band edge are decreased synchronously, and the width of the PBG almost remains unchanged, as shown in Fig. 2(c) . Therefore, by changing a and r simultaneously and properly, the air and dielectric bands can move into opposite directions, realizing the confinement of both air and dielectric bands, as shown in Fig. 2(d) . In [8] 1 , and w m are the air band edge, dielectric band edge, and midgap frequency of each segment, respectively. For air and dielectric modes, the target resonance frequency means the air and dielectric band edge frequency of the central cell respectively. It can be seen in Fig. 2 (e) that linearly increased mirror strengths for air and dielectric modes are achieved by linear tapering a and r simultaneously with a step of 20nm from center to both sides(a i = a 1 + 20(i-1), r i = r 1 + 20(i-1), i increases from 1 to N taper ). When air and dielectric band edges move in opposite directions with approximately equal rate, similar mirror confinement for air and dielectric modes can be achieved, resulting in roughly equal Q-factors. The larger the number of taper holes is, the higher the mirror strength can be achieved, resulting in higher Q-factor. Note that the minimum variation step of 20nm is chosen by considering the experimental beam condition of Electron beam lithography. The group index extracted from the band diagram of the central cell in Fig. 1 (c) using n g = c/v g = c/(dw/dk) are plotted in Fig. 2(f) . As shown, the group index (n g ) is ~4 in the spectral regions away from the PBG edges. And it can be engineered to be very large near the PBG edges, leading to a significant decrease in the group velocity of light, which is attractive for enhanced optical trapping and guiding. Usually, the perturbation induced by the taper section will make the resonances modes have a shift of about 2% compared with target resonant wavelengths at PBG edges, resulting in the resonance modes lying in traveling wave regime. Therefore, central mirrors are designed here to make the air and dielectric modes move deeper into the band edges to achieve slow light-enhanced effect. In this way, the structure can be treated as a Fabry-Perot cavity, therefore, we can derive the resonance equation in PCNC cavities as below:
where r ϕ is the reflection response from taper section, m is the mode order, k 0 is the wave vector. For dielectric and air bands, the frequency w(k), which is a function of wave vector k, using the Taylor expansion at ka 1 /2π = 0.5, can be written as:
where ω 0 is the frequency of dielectric or air band edges, and n g is the group index. The first degree is neglected because the group velocity at band edges usually tends to be zero. The second order coefficient is related with the group velocity dispersion. Based on the equations above, we can derive the resonance frequency of the fundamental air mode and dielectric mode as (k 0 = k-π/a):
We can see that ω will be closer to the bandgap edges with an inverse square relation with the increase of N inner . The simulated results shown in Fig. 3(a) confirm our interpretation. Here, N taper is set as 10. As shown, with the increase of the number of mirror holes N inner , the resonant modes move deeper into the band edges but saturate as the resonant wavelength approaches the PBG edges which unequivocally confirms the PBG effect. In this way, when N inner is larger than 10, n g of the fundamental resonant modes can be enhanced at least for two-folds compared with the structure without central mirrors, as shown in Fig. 1(f) . In addition, Q values of fundamental modes increase with the increase of N inner , which can be attributed to the higher mirror reflectance, and smaller scattering loss. High Q-factors above 10 5 can be obtained when N inner is large enough, as shown in Fig. 3(b) .
Results and analysis

Device fabrication and measurements
Our devices were fabricated from SOI wafers with a 500nm thick Si device layer and 2μm thick buried oxide. Electron beam lithography (JEOL JBX-6300-100kV) was performed using ZEP 520A resist spun at 6000rpm (~300nm thick). In order to save the writing time and cost, the beam current we choose is 5nA, which has a beam diameter of ~15nm. An exposure dose of 300 μC/cm 2 was used. The resist is developed with n-Amyl acetate developer and rinsed with IPA/MIBK. Reactive ion etching of the exposed Si regions was performed with C 4 F 8 , SF 6 and Ar process gases. Figure 4 (a) is the optical microscope image of the fabricated structure, in which light is coupled into the bus waveguide by the TE subwavelength grating (SWG) coupler, then passes through the PCNC, and finally gets directed out by the other grating coupler. Figure 3(b) and Fig. 3(c) are the scanning electron microscopy (SEM) images (top image, xy plane) of the fabricated nanobeam cavity section and SWG coupler section, respectively. According to the optimized design in simulation, the SWG periods are chosen as 1.9μm and 1.0μm along and perpendicular to the waveguide propagation direction, and the corresponding trench widths are 1.026μm and 0.260μm respectively, as shown in the inset of Fig. 3(c) . The measured efficiency of the fabricated grating coupler is around −8dB with 3dB bandwidth around 175nm. The measured propagation loss of the fabricated straight waveguide gradually increases from ∼1.2 dB/cm at 3.64μm to ∼12 dB/cm at 4.0μm. The measurements were performed using a linearly polarized continuous wave tunable MIR laser (3.64-4.12μm) and detector. Details of the experimental set up were discussed in our previous works [38, 39] .
Air and dielectric modes in single PCNC without central mirrors
The corresponding experimental transmission spectra for PCNC without central mirrors normalized to strip waveguide structure is presented in Fig. 4(d) , showing good agreement with the calculated transmission spectra using three dimensional finite difference time domain (3D-FDTD) simulation method [40] . The 3D simulation domains are set as 40 μm × 6 μm × 4 μm. A perfectly matched layer (PML) is used as boundary condition to absorb the outgoing fields, and anti-symmetrical boundary conditions along the y-directions have been exploited to save the simulation time. We use non-uniform mesh and enable it to automatically match the periodicity of the physical structure. The mesh accuracy is set as 4, and the small hole regions are added mesh with a grid size of 5nm. The time step dt which depends on the mesh accuracy is 0.105627fs. Apparently, the transmission spectra demonstrate the realization of both fundamental air and dielectric modes in single PCNC. The corresponding calculated electric fields E for air and dielectric modes are shown in Fig. 4(e) , which also reveal the presence of air and dielectric modes. It can be seen clearly that the optical field is strongly localized in air holes for the air mode, contrast to the dielectric mode which is mainly confined in silicon. An appropriate measure of the degree of concentration of the electric can be defined as 2 2
The calculated results show that 5.06% and 3.91% of electric field energy are located in the void space for the air and dielectric modes respectively, which indicates the different electrical field distributions. It is worth noticing that the difference between the confinement factors can be improved by using larger hole sizes to increase the refractive index contrast. The experimental fundamental air and dielectric modes exhibit Q-factor of 2924 and 4382 at the resonant wavelength of ~3.655μm and 3.979μm respectively, obtained by fitting to a Lorentzian profile as shown in Fig. 4 1.00(λ/n si ) 3 , respectively. The fabrication induced roughness (such as imperfect circular holes, rough sidewall and lag effect) is possibly the reason for the discrepancy between the simulation and the fabrication. In addition, as shown in Fig. 4(d) , compared with target resonant wavelengths at PBG edges, the resonance modes here have a wavelength shift of about 2% away from the PBG edges. 
Air and dielectric modes in single PCNCs with central periodic mirrors
To further demonstrate the relationship between the resonance wavelength and the number of inner periodic holes N inner , PCNW and a series of nanocavities with N inner varying from 0 to 10 were fabricated, and the testing results are shown in Fig. 5(a) . As expected, with the increase of N inner , both fundamental air and dielectric modes move deeper into the band edges and have the tendency of stabilizing around the edges, which demonstrates the interpretation of Eq. (3). Lorentzian fittings of the resonance modes are performed to reveal the measured resonance wavelengths and quality factors, and the extracted results are shown in Fig. 5(b) . The FSR between fundamental air and dielectric modes are tuned from ~330nm to ~150nm by increasing the central mirror numbers from 0 to 10. In addition, with the increase of the central cavity length, the number of higher-order resonant modes increases and the FSR between different mode orders decreases, which also reveals the slow light-enhanced effect. The highest experimental Q-factors of 2.32 × 10 4 and 1.59 × 10 4 are achieved at the resonance wavelength of about 3.875μm and 3.728μm for fundamental dielectric and air modes when N inner = 10, respectively. And the insertion losses for both modes are ~11dB. The corresponding calculated electric fields E are shown in the inset of Fig. 5(c) . And the calculated fraction of mode energy inside the environmental medium for the air mode is 3.97%, whereas for the dielectric mode it is 2.67%. Compared with the values of the cavity without central mirrors (5.06% and 3.91%), the results indicate that the modes moving into the slow-light regions become more confined and less sensitive to environmental changes. Therefore, in this section, we demonstrated the deterministic design method to confine both air and dielectric modes simultaneously with determined resonance wavelengths and high Q-factors. Compared with previously demonstrated Mid-infrared SOI resonators [41] [42] [43] , our device has exhibited higher Q-factor and smaller footprint.
Sensing characterizes of air and dielectric modes
Here, we discuss the response of the air and dielectric modes in single PCNC to external environment change in theoretical and simulation. Based on the perturbation theory [1] , the frequency shift Δω caused by a small perturbation can be expressed as 2 (
) (fraction of in the perturbed regions), n n E
where Δn is the refractive index change amount of the material caused by perturbations.
If we make the application as air or liquid sensing, the perturbed regions mean the air regions. Therefore, for both resonance modes, the wavelength shifts caused by refractive index change can be expressed as
deriving the refractive index sensitivity (S n ) expression of
Therefore, the theoretical sensitivity for fundamental air mode for the structure with 10 inner holes and 10 taper holes is 160nm/RIU, and the sensitivity of the fundamental dielectric mode is 105 nm/RIU, 55 nm/RIU lower than that of the air band mode. The sensitivities are in good agreement with the value of 186nm/RIU and 135nm/RIU fitted from 3D-FDTD simulations as shown in Fig. 6(a) , where the resonance wavelength is calculated with varying the environment refractive index. While for temperature sensing in air environment, the perturbed regions mean the silicon region [19] . Ignoring dimension changes induced by thermal expansion, the wavelength shifts caused by temperature change can be expressed as ( )
deriving the temperature sensitivity (S T ) expression of ( ) ( ) .
For the PCNC with 10 inner holes and 10 taper holes, the calculated fractions of mode energy inside the silicon for the air mode and dielectric mode are 92.16% and 94.22%, respectively. And the thermos-optic coefficient for silicon is about 1.8 × 10 −4 RIU/°C. Therefore, the theoretical temperature sensitivities for air and dielectric mode are ~180pm/°C and 192pm/°C, respectively, which are in the same trend with the value of 147pm/°C and 158pm/°C fitted from 3D-FDTD simulations as shown in Fig. 6(b) .
The theoretical and simulation results apparently show that the sensitivities of air and dielectric modes to external environment changes are different, showing the potential for multi-parameter sensing in single nanocavity. 
Discussion
Since we have known that air modes and dielectric modes originate from rich wave vector region near bandgap edges, we can intentionally introduce more bandgaps to create multiple sets of modes, which is necessary for the broadband operation and nonlinear applications. Based on our previous work, multiple bandgaps can be achieved by using aperiodic PCNW without the sacrifice of footprint [37] . Therefore, here we design a PCNC with dual periodic central mirrors, which are created by mixing of two periodic structures with different periodicities, as shown in Fig. 7(a) . The aperiodic central mirrors are formed by holes with lattice constant of 850nm and 930nm respectively. For aperiodic PCNW, N inner is set as 18. For PCNC, in order to achieve higher transmission, N inner and N taper are set as 10 and 8 respectively. Other parameters are all consistent with the parameters of the cavity shown in Fig. 2(a) . Figure 7(b) shows the simulation results of aperiodic PCNW and PCNC. In the spectra, we can obviously observe the existence of two bandgaps, and there are resonance peaks around each of them. The modes of these resonances are revealed by simulation of electric field distribution, as shown in Fig. 7(c) . The field distributions reveal that modes A and C are air modes, while modes B and D are dielectric modes, which indicates the realization of multi-air and dielectric modes. The SEM images of the fabricated aperiodic PCNW and PCNC are shown in Fig. 7(d) . Figure 7 (e) shows the measured experimentally optical transmission, which corresponds well with the simulation results. Air and dielectric modes in the central passband are achieved at wavelength of 3.834μm and 3.879μm with experimentally Q-factors of 2927 and 3078, respectively. Certainly, the number of modes among the pass band and the FSR between them can be adjusted by changing N inner or modifying a 1 or a 2 independently. Note that the performance of the modes can be improved by more detailed designs about the taper section. 
Conclusion
In conclusion, we reported the development of single PCNC supporting both air and dielectric modes. Firstly, we carefully engineer the taper profile of the PCNC so that both air and dielectric bands can be confined. Secondly, we study the design of multimode nanocavities by interpreting the air modes and dielectric modes as slow light resonance in cavities by introducing central periodic mirrors. Experimentally high Q-factors of 1.90 × 10 4 and 2.56 × 10 4 at resonance wavelengths of 3.728μm and 3.875μm for air and dielectric modes are achieved respectively when the number of taper and mirror holes are both 10. The n g of the fundamental resonant modes can be enhanced at least for two-folds compared with the structure without central mirrors. In addition, the responses of air and dielectric resonance modes to the changes of external environment are discussed, showing the potential for multiparameter sensing in single PCNC. Thirdly, in order to extend to the application of the proposed device for broadband operation and non-linear applications without the sacrifice of footprint, we further introduce aperiodic mirrors into nanocavities, which can support multiple sets of air modes and dielectric modes. We envision that the concepts in optical mode engineering will extend to the design of multiwavelength and multifunctional nanocavities with high performances, paving the way to photonic integrated circuit and compact sensors. 
